We report the formation of porous p-type 6H-Sic. The existence of uniformly dispersed pores was confirmed by transmission electron microscopy, with interpore spacings in the range of l-10 nm. The porous film as a whole is a single crystal. Luminescence peaks above the normal band gap of 6H-SiC have been observed in the porous layer, but were not distinguished in the bulk Sic substrate. Quantum.confinement is discussed as a possible mechanism for the luminescence effects.
I. INTRODUCTION
Porous Si, discovered in 1956,l has only lately become an important optoelectronic material due to the observation of intense visible photoluminescence above the normal band gap of Si (1.1 eV). 53 This luminescence was attributed by some to quantum confinement effects which occur within nanocrystallites. '-5 Others have associated it with the presence of amorphous Si" or siloxene7 on the surfaces of the pores. Koch' has suggested that boundary states may play an important role in the luminescence, especially in the infrared. Visible luminescence has been observed in porous Si passivated with oxygen' as well as hydrogen" implying that the luminescence is not necessarily associated with a specific surface chemistry. Lockwood et al4 used Raman and absorption measurements to show that band-gap widening may be attributed to the decrease in crystallite size.
Despite extensive investigations of. porous Si,'-' at present there is no definitive agreement about the luminescence mechanisms.
Recently, there has been much interest in Sic as a semiconductor. Silicon carbide is characterized by unique electronic properties, such as a wide band gap, high breakdown electric field, and high saturation electron drift velocity." Further, it is durable at high temperatures, due to its high melting point,'l high thermal conductivity," and chemical stability.r2 Some of its mechanical properties, such as a high tensile strengthI and high Young's modulus" are of importance in mechanical systems.
The distinctive properties of Sic make it a technologically important material for electronic devices which operate at high temperature, high power, and high frequency." Optical devices fabricated from Sic, such as blue light-emitting diodes and W photodiodes, are also in a state of extensive development.14, '5 The formation of porous n-type Sic was reported only recently by the authorsi and later by others,17 but it has been subjected to rather limited studies. In Ref. 16, porous n-type 6H-Sic was fabricated by photoassisted anodization in aqueous HF. Pores, lo-30 mn wide were observed, with interpore spacings ranging from 10 to 100 run. The remaining Sic skeleton was a single crystal.16 Matsumoto17 showed that porous n-Sic, formed by photoassisted anodization in ethanoic HF, exhibited enhanced visible luminescence (at 2.7 eV) as compared to the Sic bulk. There is also an early report" on the conversion of porous Si into monocrystalline Sic by treating the porous Si with hydrocarbons, but no mention was made of porous SIC.
If nanocrytallites within porous Sic would exhibit quantum confinement effects, then the effective band gap should be shifted into the deep UV. This would make porous Sic a useful material for UV optoelectronics. However, to the author's best knowledge, there have been no reports on UV luminescence in porous Sic, or the formation of porous p-type Sic.
In the present article, the formation of porous p-type 6H-SiC is reported for the first time. Optical and microstructural studies of this material are presented and discussed.
II. EXPERIMENT
Single-crystal p-type 6H-SiC wafers (N, range =2-S X 10's/cm3), 'purchased from Cree Research, Durham, NC, were used in this study. The wafers were cut into small specimens (3 mmX3 mm), and aIuminum ohmic contacts were deposited on the edges. Lead wires were then attached to the contacts, and the samples were encapsulated in black wax, so that only the bare Sic was exposed. The specimens were placed into a Teflon cell along with a Pt-wire counterelectrode and a saturated calomel reference electrode. Dilute aqueous HF was used as the electrolyte. The anodization was carried out at current densities ranging from 5 to 150 mA/cm*.
The high doping levels of the Sic wafers resulted in weak luminescence. In order to prevent the erroneous measurement of scattered light from the excitation source, cathodoluminescence (CL) of the porous films was measured, rather than photoluminescence.
The samples were soldered with indium to a cold linger dewar, which was placed into an ultrahigh vacuum chamber (5X lo-t1 Torr). 1200 line/mm grating blazed at 3000 A. They were then collected by a liquid nitrogen cooled photomultiplier, which was connected to a photon counter.
III. RESULTS AND DISCUSSION
After the anodization process, the surface of the samples exhibited a roughened morphology and shallow depressions (<150 nm). Considering the charge that passed between the Sic and the HF, these depressions were small assuming that the only process occurring was uniform etching. However, these observations could be explained by the presence of pores in the Sic. If a porous film had formed, then it could be selectively removed from the bulk by oxidation, since porous materials exhibit significantly enhanced oxidation rates." To test this hypothesis, the samples were oxidized in wet or dry at O2 at 1150 "C for times ranging from 0.5 to 4 h. The resulting SiO, layer was subsequently removed in HF. Deep cavities were revealed (0.5-60 pm), suggesting that the anodization process resulted in the formation of a porous film. In some cases, this layer could be peeled or scratched off of the surface.
Plan-view transmission electron microscopy (TEM) images of the anodized p-Sic layers are shown in bright field [ Fig. l{a) ] and dark field [ Fig. l(b) ]. These samples (N, = 2.2 X 10 I*) were anodized at a current density of -50 mA/cm". It is apparent from these micrographs that the films are porous. The pore morphology was uniform across the sample and did not vary upon tilting. Dark field and light field images revealed similar morphologies. The interpore spacing was found to be in the range of l-10 nm (see Fig.  1 ). It could not be determined from the micrographs if the morphology of the crystallites was wirelike or platelike. The -, .
To obtain .information on the size distribution of -the crystallites, a linear analysis, was. applied to TEM images. The results are presented in a bar chart (Fig. 2) . Most.of the crystallites are between 1 and 8 nm and roughly 20%-25% are smaller than 3 nm. The average crystallite. size was. ~6 nm.
Several of the porous p-Sic samples exhibited lumioescence peaks in the UV part of the, spectrum. Figure 3(a) shows the room temperature CL of the porous p-Sic sample (N,=2.2X1018/cm3, J-50 mA/cm'). ,Broad peaks, typical of high doping levels, are observed at 2.6 and at 3.7 eV. The substrate of this sample exhibited to CL peaks above the 3.0 eV band gap. It was found that lowering the anodization . . . potential (while maintaining all other conditions the same) resulted in the reduction or disappearance of the UV peak. This is shown in Fig. 3(b) , which is the room temperature,(=L spectrum of a sample which was anodized at a lower current density (5.2 mA/cm2), No UV peak is apparent in this spectrum.
If the appearance of the UV luminescence peak shown in Fig. 3(a) is associated -with quantum confinement, then the crystallite size required for these effects may be estimated from a model for porous Si.4 The model assumes that (a). the crystallites in the porous material are either quantum dots (three-dimensional confinement), quantum wires (twodimensional), and quantum wells (one-dimensional confinement) and (b) that the carriers are confined by an infinite square-well potential. The lowest electron or heavy hole eigenenergies are obtained by solving Schrodinger's equation for one, two, and three dimensions. The eigenenergies of the electrons and holes are added to the band gap to obtain the transition energy, which is the. effective band gap of a nanocrystallite. Applying this model to 6H-Sic, the transition energy as a function of the crystallite size was calculated, and the results are shown in meV), while in particles between 40 and 70 A, the effects were minimal (50-100 meV). It should be recognized that the assumptions used in this model are gross simplifications and the results should be considered of a qualitative nature at best. ' The quantum conlinement mechanism predicts that only sufficiently small crystallites will exhibit band-gap widening. The rest of the material would not be "quantum confined" and would luminescence in the blue, similar to the bulk 6H-Sic. This may explain the presence of both UV and blue luminescence in Fig. 3(a) .
UV luminescence peaks were observed under a <number of different anodization conditions. It appears that the current density is playing a role in the existence and the intensity of the UV luminescence peaks. Lowering the current density results in a reduction of the UV peak intensity. At certain threshold currents, the UV peak disappears completely. It is possible that at higher anodization potentials/current densities, smaller crystallites form within the porous SIC, resulting in quantum confinement. This would be in agreement with the theory proposed by Lehmann3 for porous Si, which predicts that at higher potential smaller crystallites with wider band gaps form. However, the effects of anodization conditions and substrate doping on the microstructural and optical properties of porous Sic are not yet well understood, Thus, it cannot be conclusively determined if porous Sic formation and behavior follows the Lehmann theory3 or any of the other theories suggested for porous Si, e.g., Refs. 20-22. The UV luminescence in porous p-Sic may, alternatively, originate from the surface of the porous layer, as suggested for porous Si.6 One possibility is that the Iuminescence is associated with native SiO, (which exhibits CL peaks in the W and blue)." However, for more conclusive evidence with regards to the origin of the luminescence in porous Sic, further studies are required.
The "as anodized" porous p-Sic films exhibited a relatively weak luminescence intensity as compared to the Sic substrates. An example is shown in Fig. 5 , which is the CL at 77 K of a UV luminescent film (N, = 1 X 101%m2, J =3 7 mA/cm2). The most intense peak is the W peak at 3.74 eV. This peak, as well as the one at 3.0 eV, does not appear in the spectrum taken from the bulk Sic substrate. The intensity of the CL in the porous layer at 77 K is nearly three orders of magnitude lower than that of the substrate. At room temperature, the luminescence intensity of the SIC substrate is reduced considerably, while that of the porous film remains of the same order, resulting in approximately a 1O:l intensity ratio between the substrate and the porous layer.
The weak luminescence in the porous films may be associated with a large unpassivated surface. In bulk Si and porous Si, immersion in HF causes the surfaces to be passivated with hydrogen.2724 Several studies5*9>25 have suggested that proper passivation is necessary to achieve efficient luminescence from quantum confined crystallites. To the author's knowledge, there have been no studies on the I-IF passivation of Sic. It is therefore possible that the porous Sic films are passivated only by the native oxide that forms upon exposure to air, which may not be sufficient. 
IV. CONCWSIONS
Anodization of p-type 6%Sic in HF resulted in the formation of a porous film. The existence of pores, uniformly dispersed across the sample, was confirmed by TEM. Linear analysis applied to the TEM images showed that most of the crystallites were between 1 and 8 nti in size, while the film as a whole was a single crystal. Luminescence peaks above the normal band gap of 6H-SiC have been observed. It-was found that lowering the anodization current density resulted in a reduction or disappearance of the UV luminescence peaks. The phenomenon of the W luminescence may be associated with the presence of quantum confined nanocrystallites in the porous layer. It is possible that at higher anodization current densities/potentials, smaller crystallites form within the porous layer which meet the size criterion for quantum confinement. This is in agreement with Lehmann's theory of porous Si formation.3 However, it should be noted that it could not be conclusively determined~ if porous Sic formation and behavior follows the Lehmann theory3 or any other suggested theory for porous Si.
The present results are the first reporting of the observation of porous p-type Sic. Further intensive studies are required to fully understand the properties of this novel material.
